Dispersive sensing is a powerful technique that enables scalable and high-fidelity readout of solidstate quantum bits. In particular, gate-based dispersive sensing has been proposed as the readout mechanism for future topological qubits, which can be measured by single electrons tunneling through zero-energy modes. The development of such a readout requires resolving the coherent charge tunneling amplitude from a quantum dot in a Majorana-zero-mode host system faithfully on short time scales. Here, we demonstrate rapid single-shot detection of a coherent single-electron tunneling amplitude between InAs nanowire quantum dots. We have realized a sensitive dispersive detection circuit by connecting a sub-GHz, lumped element microwave resonator to a high-lever arm gate on one of dots. The resulting large dot-resonator coupling leads to an observed dispersive shift that is of the order of the resonator linewidth at charge degeneracy. This shift enables us to differentiate between Coulomb blockade and resonance -corresponding to the scenarios expected for qubit state readout -with a signal to noise ratio exceeding 2 for an integration time of 1 µs. Our result paves the way for single shot measurements of fermion parity on microsecond timescales in topological qubits.
I. INTRODUCTION
Dispersive sensing is a promising measurement technique that enables high-fidelity readout of solid state quantum bits, such as superconducting qubits 1,2 or spins 3 . Recently, dispersive readout has also been proposed for future topological qubits based on Majorana zero modes (MZMs) 4, 5 . In particular, gate-based dispersive readout can be used to measure an electron tunneling rate in the system which in turn reflects the state of the qubit 6 . As a result of this difference in tunnel coupling, different qubit states can impart a different dispersive shift on a resonator coupled to the gate electrode. This frequency shift can be probed on very fast time scales, using state-of-the-art radio frequency (RF) techniques, and in a quantum non-demolition manner with minimal perturbation 1,7 . High-fidelity, quantum non-demolition measurements require fast readout with high signal-to-noise ratio (SNR). This is particularly crucial for measurementbased quantum computation, such as proposed for MZMbased architectures 4, 5, 8 . So far, however, the frequency shift of dispersive gate sensors has been fairly small, on the order of a degree 3, 6, [9] [10] [11] ; correspondingly, the required readout times to resolve a difference in tunnel coupling has been in the range of milliseconds [12] [13] [14] . It is thus of great interest to find avenues toward increasing the attainable SNR, and achieve readout on the submicrosecond scale, as available for other solid-state qubit platforms 15 . In this letter we show rapid dispersive sensing in an InAs nanowire double quantum dot system. InAs nanowires have been studied in the context of spin qubits 16, 17 , but have recently gained also significant attention as host system for MZMs that could enable the realization of topological qubits 18, 19 . We demonstrate a sensitive gate sensor based on a large-lever arm top-gate that is connected to an off-chip, lumped element resonant circuit probed with reflectometry 20 . In particular, we show a dispersive shift close to 1 MHz which is on the order of the linewidth of the resonator; this results in a detected phase shift that approaches the maximally possible value of π. We study in detail the magnitude of the dispersive shift both as a function of tunnel coupling and readout power; we find, in agreement with theory, that the attainable shift is ultimately set by the magnitude of the tunneling rate and the resonator frequency. The large shift allows us to resolve a difference in tunneling rate with an SNR of up to 2 within 1 µs.
II. EXPERIMENTAL APPROACH AND SETUP
The coherent tunneling amplitude t C , between two single-particle levels in weakly coupled quantum dots can be detected through an arising change in differential capacitance 21, 22 . The coupling affects the expectation value of charge on either island. Since level detuning and coupling is influenced by external gate voltage, the dependence of induced charge on gate voltage, i.e., the differential capacitance C = ∂Q/∂V g , depends on the coupling. This effect can be described within the framework of circuit quantum electrodynamics (circuit QED) 1 or as a 'quantum capacitance' 23 and measured by monitoring the change in differential capacitance through an external tank circuit. Our aim is to determine how fast the tunneling amplitude can be detected; this maps to the projected readout performance for MZM qubits 4, 5 where the magnitude of the tunnel coupling is the qubit readout signal. Our experiment approach is schematically depicted in Fig. 1a . We form two quantum dots in an InAs nanowire where the interdot coupling can be set through a gate voltage. We designate one of the dots as the 'sensor', whereas the other dot is merely used as an auxiliary single level system, in lieu of MZMs. To achieve a large signal from the interdot coupling, we connect a gate with a large lever arm to a resonant circuit. The goal of the experiment is then to resolve a change in resonance frequency,
that arises from the tunneling-dependent quantum capacitance C q (Fig. 1c) .
To realize this experiment we have fabricated a double quantum dot in an InAs nanowire which was deposited on an intrinsic silicon substrate with a 20 nm SiNx dielectric layer deposited with LPCVD after removing the native SiO2. A 10 nm AlOx dielectric layer is deposited using atomic layer deposition (ALD) between the nanowire and the top gates, which ensures a large lever arm from the gates to the underlying quantum dots. A false color SEM image of a similar device is shown in Fig. 1a . Using top gates T1, T2, and T3, a double dot is defined in the nanowire by pinching off the coupling to the leads and between the two dots. The top gate of the sensing dot is wire-bonded to a lumped-element resonator that was fabricated on a separate chip 20 . The sample is cooled down in a dilution refrigerator with a base temperature of 20 mK. This resonator response is then probed using standard RF heterodyne techniques (Fig. 1a) .
III. RESULTS

A. Observation of quantum capacitance and dispersive shift
We begin by characterizing the change in resonator response resulting from coherent tunneling between the two quantum dots. To this end we first tune the device to a regime where the dot charge states strongly hybridize on resonance. We then record the phase response of a reflected probe field as a function of the two plunger gates, SP1 and SP2. (Fig. 1b) . The resulting charge stability diagram shows a prominent phase shift at charge degeneracy, hinting at a large dispersive shift of the resonator frequency. We attribute the substantial magnitude of the observed phase shift in this regime to the large lever arm of the sensing gate 1, 23 . From independent Coulomb blockade measurements we estimate this to be α = C g /C Σ ≈ 0.75, where C g is the capacitance of the gate to the sensing dot, and C Σ is the total capacitance seen by the dot.
The relation between the dispersive shift and the magnitude of the interdot coupling lies at the heart of the C q detection scheme; we therefore focus next on modeling this relation from our data following earlier work performed on semiconductor dots in cQED 10, 17 . Near charge degeneracy the eigenstates of the double dot are superpositions of a charge delocalized between the two dots, with energy splitting Ω = 4t 2 C + δ 2 , where t C is the tunnel coupling, and δ is the detuning of the two dots (Fig. 1c) 24 . To determine the tunnel coupling, we measure the resonator response as a function of δ and the detuning of the drive from the resonance frequency (Fig. 2a) . The reflected probe signal can be developed in a cQED approach from the input-output relations 1,17 ,
Hereby, a in,out are the complex input and output signals; κ = κ int + κ ext is the total resonator damping rate, composed of internal losses κ int and external coupling κ ext ; ∆ω is the detuning of the drive from resonance; g = g 0 (2t C /Ω) is the effective coupling strength with g 0 being the Jaynes-Cummings coupling; and χ is the susceptibility of the double quantum dot that depends on the dephasing rate γ and detuning between charge dipole and resonator, Figure 2a shows the evolution of the dispersive shift as we tune the double dot between Coulomb blockade a) b)
FIG. 3.
Evolution and modeling of the dispersive shift. a) Frequency shift as a function of tunneling rate, extracted from fitting spectroscopy data to Eq. (2). Solid line: independent theoretical prediction from Eq. (4). Inset: charge stability diagrams for tunneling rates corresponding to the yellow markers. b) Resonator response as a function of frequency and power. Power is given at the sample level; this is attenuated by a total of ∼ 79 dB after the generator. Top left panel: resonator spectroscopy as function of RF power. Bottom left panel: calculated steady state population in the excited state. Right panel: Resonator shift in blockade (orange), and on degeneracy (blue). Red: prediction from the excited state population by assuming that the net shift is given by the population-weighted average between ground and excited state shifts.
regime and charge degeneracy, for one particular tunnel gate setting. Fitting this data yields the tunnel coupling, as well as the relevant parameters characterizing circuit and resonator-dot coupling. In particular, we find Q = ω 0 /κ ≈ 350, and g 0 /2π ≈ 60 MHz, consistent with the large lever arm. This procedure allows us now to correlate the tunnel coupling and the dispersive shift with the gate voltage on electrode T2 (Fig. 2b) .
B. Quantitative model of the dispersive shift
Having established the means to analyze the resonator response, we now investigate the change in resonator fre-quency as a function of double dot properties. Figure 3a shows the magnitude of the dispersive shift at charge degeneracy as a function of tunnel coupling. This shift can be predicted using the quantum capacitance picture; from determining the expectation value of charge on the sensing dot one expects 23, 25 
where e is the electron charge; this relation straightforwardly yields the frequency shift through Eq. (1). We find that this prediction agrees well with our data for tunnel couplings t C /h 4 GHz. The effect of reduced frequency shift with increasing tunnel coupling is reflected also in the familiar geometry of charge stability diagrams (Fig. 3a, inset) . For small tunnel couplings we observe a reduction in the shift; this behavior is likely due to noise in the system, such as thermal fluctuations 11 or charge fluctuations on the gates (i.e., fluctuations in δ). This noise would effectively blur out the C q peak as it narrows with decreasing t C .
A natural question that arises is in which regimes this simple description holds. In particular, from the quantum capacitance picture one could naively expect that it is always possible to increase the power of the readout tone to increase the signal-to-noise ratio (SNR). However, this view ignores any internal dynamics of the quantum dot system that can impact the dispersive shift. Most importantly, increasing the AC voltage of the readout drive can induce transitions of the ground state to the excited state of the double dot, resulting in an incoherent mixture. Since the dispersive shift from the excited state is opposite to that of the ground state, excitation would thus lead to a reduction of the measured shift.
In Figure 3b we show the evolution of the dispersive shift when increasing the readout drive amplitude; indeed, the shift disappears entirely at large drive amplitudes. We compare this data to a model in which we compute the excitation of the double dot by assuming that the readout drive acts as a detuned Rabi drive (with detuning ω 0 − 2t C /h) and the double dot dephases quickly. We find that the double dot approaches a fully mixed state in the same range in which the disappearance of the shift occurs; the resulting predicted dispersive shift is in very good agreement with the data.
We can therefore conclude that the tunnel coupling has two competing influences on the observed resonator shift: For one, the shift gets larger for decreasing t C Eq. (4). On the other hand, in the present setup a decreased tunnel coupling results in reduced drive detuning; this in turn increases excited state population, reducing the shift again.
C. SNR for detecting a tunnel amplitude
In order to show the feasibility of dispersive gate sensing for qubit readout, we finally investigate the time- resolved resonator response. In particular, we aim to show that the difference in charge hybridization between Coulomb blockade and charge degeneracy can be obtained on fast time scales 4, 5 To do so, we repeatedly measure the RF-signal in Coulomb blockade and on charge degeneracy by switching between the two points in the charge stability diagram. The signal is then binned in 1 µs intervals and for each interval, the in-phase and quadrature components of the signal are extracted and represented in a histogram (Fig. 4a) . From Gaussian fits we can then extract the SNR, which is given by the distance between the two distributions, ∆, divided by their full width, 2σ. These widths are set by the noise in the system, which is dominated by the thermal contribution of the cryogenic amplifier. From independent measurements we estimate the equivalent noise temperature of the readout circuit to be around 4 K.
In Figure 4b we show the attained SNR per 1 µs 'shot' as a function of readout power and tunnel coupling. The SNR reaches its peak value of > 2 for an RF power of P RF ≈ −109 dBm and a tunnel coupling of ∼ 5 GHz. Since the signal is largely set by the frequency shift, the dependence of the SNR on t C closely follows the evo-lution of the dispersive shift shown in Fig. 3a . The power dependence results from the competition between double dot excitation and signal increase. The optimal power is reached at the point where the diminishing frequency shift starts dominating over the improvement gained from larger accuracy in the estimation of I and Q.
IV. CONCLUSIONS
We have performed gate-based dispersive sensing on a double quantum dot in an InAs nanowire. The observed charge-tunneling induced dispersive shift on our resonator is comparable to the resonator linewidth, enabling fast detection of the presence of the tunnel amplitude with high SNR. Notably, this result was achieved with a low-Q, lumped-element resonator operating at a frequency of less than 1 GHz; these types of resonators hold great promise for scalable readout due to their reduced footprint compared to high-Q, CPW resonators that are more traditionally used in cQED 1 . Utilizing the large resonator shift, we have shown that states corresponding to different charge hybridizations can be distinguished in 1 µs measurements while retaining an SNR exceeding two in our experimental setup. We have further established that the factor that predominantly limits the SNR is the tunnel coupling. Its magnitude determines the dispersive shift, and its detuning from the resonator frequency places a limit on the readout power that can be used before adverse effects take over.
Our results show that high-fidelity measurements of semiconductor nanowire-based qubits could be performed using gate-sensing on the single-microsecond scale. This is particularly promising for MZM-based topological qubits that could be realized in nanowire networks 4, 5 . Since our work illustrates the dominating factor of only a few key device parameters -such as electron tunneling rate, gate lever arm, and resonator frequency -our results can provide important guidance for the design of qubit and measurement circuits. We further expect that existing technology could be used to lower the noise temperature of the cryogenic amplifier [26] [27] [28] [29] or optimize the sensing circuits 30 in order to enhance the attainable SNR further, and reduce the required measurement time. 
